Abstract-This paper summarizes our 2x2 Multiple-Input Multiple-Output (MIMO) fixed wireless outdoor propagation measurements at 2.48GHz conducted in the suburban residential areas of San Jose, California. We report on various channel characteristics such as path loss, Ricean K-factor, Cross-Polarization-Discrimination (XPD) and channel capacity. We present simple models for these characteristics, focusing on excess loss dependency and, derived from that, the variation with distance. Also, we introduce an idea for a generalized MIMO channel model based on these modeled channel characteristics and the correlation properties between them.
I. INTRODUCTION Multichannel Multipoint Distribution Service (MMDS)
provides Broadband Wireless Access (BWA) in cellular-like fixed networks operating in the band of 2.5-2.7GHz radio spectrum. Supporting applications such as voice, data, high speed Internet access and interactive multi media services to small businesses and residential customers, it is emerging as an alternative to DSL or cable modem technologies. The radio propagation channel is the principal contributor that besets the performance of any wireless communication system. Thus, thorough understanding and accurate modeling of the radio channel is essential to study the performance of an operational system. In residential BWA, user-installable terminals are preferred which translates to low receive antenna heights and, as a result of that, a channel on which Non-Line-Of-Sight (NLOS) conditions prevail.
In literature, models for path loss, K-factor, gain reduction factor, delay spread and tapped delay line impulse response were reported for Single-Input Single-Output (SISO) fixed wireless channel [1] [2] . Studies on XPD, K-factors, delay spread as a function of excess loss and the tapped delay line channel impulse response models were reported in [3] [4] for the Local Multipoint Distribution Service (LMDS) radio channel. In another study, MIMO fixed wireless channel measurements and XPD, K-factor and power spectral density characteristics were reported [5] . Studies on MIMO channel capacity were reported in [6] .
In this paper we report on path loss, Ricean K-factor, XPD and capacity based on 2x2 fixed wireless outdoor NLOS channel measurements. We model these channel characteristics as a function of excess loss and map this to distance. The paper is organized as follows: Section II describes the measurement system and the field measurement campaign. Section III presents the path loss characteristics. Section IV presents the Ricean K-factor model to study the temporal characteristics of the received signal. Section V reports on the XPD distributions of total, constant and scattered signal components. Section VI describes the channel capacity results for a fixed SNR value. Section VII introduces a generalized MIMO channel model based on the modeled channel characteristics. The paper ends with tables summarizing the models and conclusions.
II. MEASUREMENT SYSTEM AND DATA COLLECTION
The design of the measurement system is based on swept frequency domain sounding technique to measure the channel frequency response [5] . A narrow-band test signal is swept over a band of 4MHz in steps of 200KHz every 84ms for the period of observation time. The narrow-band receiver is swept synchronously with the transmitter, where the timing references are derived from rubidium clocks. The transmitter consists of two directive antennas, each having a gain of 17dBi and an azimuthal beamwidth of 90°. The two transmit antennas are separated by 10 wavelengths with slanted polarization of +/−45°. At the receiver side, two co-located receive antennas with slanted polarization of +/-45° were used, each having a gain of 12 dBi and an azimuthal beamwidth of 90°. The receiving antennas were mounted on a retractable mast at a height of 3m and the transmitter was installed on the rooftop of an office building at a total height of 20m.
An outdoor measurement campaign in ISM band (2.4-2.5 GHz) was conducted, consisting of 53 locations in the San Jose, CA within a medium range macro-cell (0.2-7km) typical to broadband fixed wireless systems. The environment can be characterized as suburban with residential blocks, business centers, trees, and a lightly hilly terrain. Most of the data were collected during winter season with significantly reduced foliage. At each location two fixed measurements 1m apart were taken to obtain better statistical average. In each measurement, data were recorded over the duration of 5 minutes in the direction of the strongest signal, which turned out to be the transmitter-receiver boresight path in most cases. The recorded data were streamed to computer hard disc for later processing.
III. PATH LOSS CHARACTERISATION
In the described propagation environment, the transmitted signal often arrives at the receiver via multiple paths and the 272 0-7803-7400-2/02/$17.00 © 2002 IEEE wireless channels can show frequency selective behavior and fading in space and time. Averaged over these fluctuations is the total receive power P r , which can be expressed as [7] :
In (1), EIRP(dBm) represents the effective radiated transmit power in dBm, G r (dB) is the receive antenna gain in dB, L cable (dB) denotes the cable losses and PL(dB) is the path loss in dB due to radio propagation between transmit and receive antennas. It is of common practice to view the path loss as the summation of basic free space loss (FSL) and the excess loss (L ex ) due to the local blockage conditions or reduction of antenna gains. For an isotropic receiving antenna, the free space loss at a distance d in meters and an operating frequency f GHz in GHz can be expressed as [7] :
In general, the path loss can be modeled as follows:
In (3), d 0, corresponds to a reference distance in the far-field of the antenna, which is typically taken to be 1km for macro cells [7] . The exponent n represents the decay of path loss and depends on the operating frequency, antenna heights and propagation environments. The reference path loss A 0 at a distance d 0 from the transmitter is typically found through field measurements. The shadowing loss S denotes a zero mean Gaussian random variable (in decibels) with a standard deviation σ s (also in decibels). Fig.1 shows the scatter plot of the path loss, obtained from the average of two co-polarized received signals, as a function of distance for all the measurement locations. The path loss distance dependency can be obtained by fitting the measured data with a least mean square error (LMSE) regression curve (also shown in Fig.1 ) and given by:
The path loss model reported in [1] for terrain category B and the COST-231 Hata model [7] for suburban environment at base station antenna height of 20m are also shown in Fig.1 . The assumption of the reference path loss A 0 equal to the FSL at reference distance d 0 =100m for the lower base station antenna heights and smaller cells in [1] leads to the fast decay of path loss (47.25dB/decade) from LOS to non-LOS conditions. However, measurements reveal that there was some shadowing loss in addition to FSL due to tree blockage even at closer distances. The model presented in [1] is in good agreement with measured data at farther distances (d > 1km). The slope of model given in (4) is in good agreement with the COST-231 Hata path loss model [7] , however (4) predicts about 10dB more path loss.
The excess loss was calculated by subtracting the FSL from the measured path loss. Fig.2 shows the scatter plot of excess loss as a function of distance for all measurement locations. Excess loss varies in the range of 10 to 60dB for various locations. The general trend of increasing excess loss with distance can be noticed by overlying an LMSE regression fit curve on the data as shown in Fig.2 . This is in good agreement with the results in [3] for the LMDS radio channel. The variation of mean excess loss and distance is given by L ex (dB) = 35.45 + 18.86 log 10 (d/d 0 )
The reference excess loss L ex0 at the reference distance d 0 of 1km was found to be 35.45dB with a standard deviation of 7.96dB. In many radio transmission scenarios, the narrowband channel response can be accurately modeled by a non-zeromean complex Gaussian process. This process is often written as the sum of a constant and a zero-mean random part. The resultant signal magnitude follows a Rice distribution, which can be characterized by two parameters: the power P c of constant channel components and the power P s from scatter channel components. The ratio of these two (P c /P s ) is called Ricean K-factor and is often represented in decibels. The K-factor is an important parameter in system design since it relates to the probability of a fade of certain depth and therefore greatly affects system performance.
We estimate the K-factor for each narrowband receivepower record of five minutes. We use a simple moment-based method to estimate the Ricean K-factor, which has been shown to yield good results [9] : where σ r 2 is the variance of the received signal power about its mean P r.
It is often convenient to express the constant and scattered powers in terms of the K factor and total receive power P r :
The narrowband K-factors for all 2·2=4 sub-channels were computed at each frequency tone for all measurement runs. Fig.3 shows the cumulative distributions of K-factors. The median K-factor is about 5dB over all measurements. The distribution has a mean of 6.30dB for co-polarized (K 11 and K 22 ) and 4.53dB for cross-polarized (K 12 and K 21 ) configuration and standard deviations of 7.66dB and 6.46dB, respectively. Fig.4 shows K-factors of the co-polarized and crosspolarized channels as a function of the excess loss. By plotting the K-factor versus excess loss, not only the distance but also the shadowing conditions are taken into account. It can be observed that the K-factor decreases with the increase of excess loss, which is well in agreement with the results reported in [3, 4] for LMDS fixed radio channel. The variation of K-factor with excess loss for co-polarized and cross polarized signals were obtained by using LMSE regression fit method on the data as:
The co-and cross-polarized K-factors about their LMSE fit functions have standard deviations of 7.24dB and 6.26dB, respectively. From (5), we know that the reference value for the excess loss at a distance of 1km is L ex0 = 35.45dB.
We can obtain a relationship between K-factor and the distance by substituting (5) into (9) and (10), i.e. mapping the abscissa from excess loss to distance using our previous LMSE fit (5):
Fig .5 shows the scatter plot of K-factors of the co-polarized and cross-polarized signals as a function of the distance. The high K-factors at farther distances correspond to the locations free of immediate blockage with less or no moving traffic and locations where the strongest signal turned out to be a reflection from mountains. The K-factor LMSE fit given in (11) and (12) are also shown in Fig.5 . The K-factor model reported in [2] with a slope of −5dB/decade (8dB standard deviation) for winter season is also shown in Fig.5 and is in excellent agreement with the LMSE fit (11) for co-polarized signal. 
V. CROSS POLARIZATION DISCRIMINATION MODEL
Cross Polarization Discrimination (XPD) is defined as the ratio of co-polarized average received signal power P ll to cross-polarized average received signal power P ⊥ :
The XPD quantifies the separation between two transmission channels due to different polarization orientations. The higher the XPD, the less energy is coupled in the cross-polarized channel. We average the received signal power over time and frequency and get a separate XPD value for each transmitter and each measurement run at a given location. This results in 4 values for each location. Fig.6 shows the scatter plot of XPD of the total signal, constant and scattered signal components as a function of the excess loss. It can be observed that the XPD of total signal is almost same as that of constant signal and they both decay with the increase of excess loss, which is well in agreement with the results reported in [3] for the LMDS fixed radio channel. The variation of XPD with excess loss was obtained using LMSE regression fit on the XPD values in log-scale:
The standard deviation was found to be around 4dB. Again, we can obtain a relationship between the variation of XPD with distance by substituting (5) Fig.7 shows the scatter plot of XPD of various signal components as a function of the distance together with models given in (17)-(19). The ratio of constant signal XPD to scatter signal XPD is close to 2dB at 1km distance. Channel capacity is defined as the highest transfer rate of information that can be sent with low probability of error. For the n t transmit antennas with equal transmit power and n r receiving antennas, the generalized formula for the channel capacity C is given by [6] :
In (20), H denotes the n r x n t channel matrix, H † is its conjugate transpose, I is a unit diagonal matrix of size n r x n r and ρ is the average SNR at the receiver. The channel capacity was computed at a fixed SNR value of 15dB with measured channel matrices H normalized to the mean power in the co-polarized components. The measured SNR at each location was greater than 25dB. Fig.8 shows the mean capacity, C m , as a function of distance for all the locations. The LMSE regression fit is:
The data shows no strong relation between capacity and distance. 
where H c and H s are constant and scattered channel matrices, respectively. Using the relationships in (8) and expanding H c and H s for a 2x2 system, the channel matrix can be expressed as: In (23), P r is the receive power, K is the co-polarized Kfactor, φ ij is the phase difference between the i th transmit and j th receive antenna and the parameters χ c and χ s represent the XPD values of the constant and scattered signals. X ij are the correlated complex Gaussian random variables with zero mean and unit variance. The variables used in (23) have been modeled in this paper. Together with the correlations between them, this gives us a simple but comprehensive channel model. This can be used to simulate MIMO channels statistically by following the procedure described in [8] .
In the following we summarize the variable distributions and correlations. All variables were found to follow a lognormal distribution with a linear dependent non-zero mean:
( )
where X is a zero-mean Gaussian variable and a and b are constants. The mean is linear dependent on the parameter ξ, which denotes either excess loss or distance. It is normalized by ξ 0 at 1km distance, i.e. b is the mean value at 1km. The estimated parameters are listed in Table 1 . The correlations between the random components X of these channel characteristics are listed in Table 2 . Correlation coefficients have been calculated by evaluating values at each frequency.
CONCLUSION
In this paper, we summarized a 2x2 fixed wireless outdoor NLOS channel measurement campaign in the suburban area of San Jose, CA. The data were analyzed to compute the path loss, Ricean K-factor, XPD and channel capacity characteristics. Simple models were developed to estimate the dependence of various characteristics as a function of excess loss and, derived from that, distance. Our results on path loss and K-factor are in good agreement with previously published findings. A generalized structure for a MIMO channel model was proposed, based on the individual known characteristics of the channel and their correlation properties. 
